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Abstract
Biological activity is known to inﬂuence sediment strength at bedewater interfaces. However, its precise eﬀect on geomorphology
and on bed composition is not known. This paper proposes a parameterization of sediment destabilizing and stabilizing organisms
on three parameters that describe the erosion and mixing processes of the sediment bed, namely the critical bed shear stress, the
erosion coeﬃcient and the bioturbation coeﬃcient. This parameterization is included in a 3D sandemud morphodynamic model to
form the sandemudebio model. The performance of the sandemudebio model is demonstrated by testing it on the Paulinapolder
intertidal ﬂat in the Western Scheldt estuary of The Netherlands. Model results show that biological inﬂuences on sediment strength
result in signiﬁcant morphological change and bed composition variations. Destabilizing organisms always cause a signiﬁcant
decrease in mud content in the bed and an increase of erosion. On the other hand, stabilizing organisms can, but do not necessarily,
cause an increase of mud content and additional sedimentation.
 2005 Elsevier Ltd. All rights reserved.
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Biogeomorphology deals with the study of the
interaction between organisms and the bed they are
living on or living in. For water management purposes,
it is important to predict the geomorphological eﬀects of
human interventions or natural changes of an estuarine
system. A better understanding of the geomorphological
behaviour of estuarine systems requires better knowl-
edge about the physical processes involved, the perfor-
mance of geomorphological modelling techniques, the
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doi:10.1016/j.ecss.2005.04.008interaction between biology and geomorphology, and
the biological inﬂuences on bed composition. Widdows
and Brinsley (2002) state that, at present, ‘‘.lack of
knowledge of the precise nature of biological-sediment
interaction coupled with a poor understanding of how
to parameterize biological eﬀects so that they can be
incorporated into numerical sediment transport and
geomorphological models is a major impediment to
progress’’.
Experiments on diﬀerent mudﬂats in the Western
Scheldt estuary (De Brouwer et al., 2000; Widdows
et al., 2000a; Widdows and Brinsley, 2002), the Humber
estuary (Widdows et al., 1998, 2000b; De Deckere
et al., 2001; Widdows and Brinsley, 2002), the Danish
Wadden Sea (Austen et al., 1999), and the laboratory
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strength parameters are inﬂuenced by several orders of
magnitude when biological activity is high. Using an
onshoreeoﬀshore 1D model of cohesive sediment
erosion and deposition, Wood and Widdows (2002)
have shown that biotic inﬂuences on sediment transport
within the intertidal zone are signiﬁcant.
This paper addresses the question of whether bio-
logical inﬂuences on three critical sediment strength
parameters cause signiﬁcant changes in geomorphology
and vertical bed composition (namely sand/mud distri-
bution). To date, adequate parameterization of bio-
logical inﬂuences for the purpose of sediment transport
modelling is lacking. This paper introduces parameter-
ization of such biological inﬂuences. Stabilization and
destabilization eﬀects of biota on erosion, and bio-
turbation have been parameterized on the basis of
experimental data published by Widdows et al. (1998,
2000a,b) and Widdows and Brinsley (2002). This
parameterization is incorporated in a process-based
sandemud model (Van Ledden and Wang, 2001; Van
Ledden, 2002, 2003; Van Ledden et al., 2004b) to form
the sandemudebio model.
The performance of the sandemudebio model is
demonstrated by testing it on the Paulinapolder, a small
intertidal ﬂat located on the southern shore of the
Western Scheldt estuary, approximately 6 km northeast
of Terneuzen (51 25#N, 3 40#E) of the Western Scheldt
estuary, The Netherlands (Fig. 1). A reference situation
free of biological activity is set-up, which in general
agrees with hydrodynamical data and agrees with theexpected morphological behaviour of the ﬂat. Then,
three test cases are analyzed to study the biological
inﬂuences on morphological change and bed composi-
tion.
2. Biostabilization and biodestabilization
Earlier researchers such as Jumars and Nowell (1984)
recognized the eﬀect of benthos on sediment transport.
It has become clear that benthic species can stabilize the
sediment by physically covering it (e.g. mussel beds) or
by binding it by roots. Biostabilization can also result
from extracellular polymeric substances (EPS) excreted
by diatoms that cohere sediment (Austen et al., 1999; De
Brouwer et al., 2000; Decho, 2000; Paterson et al., 2000;
Riethmu¨ller et al., 2000). During a bloom period in
spring, large amounts of diatoms are known to form
diatom mats, which are sometimes visible as a brownish
jelly-like layer on the sediment (De Brouwer et al., 2000;
Widdows et al., 2000b).
Some species that live on or below the surface (for
instance Mudsnail, Cockle, Lugworm) destabilize the
sediment due to deposit feeding activity or increased
mixing (bioturbation, see e.g. Boudreau, 1997). This
causes increased porosity and changing sediment com-
position (De Brouwer et al., 2000; De Deckere et al.,
2001; Reise, 2002), which may result in less stable
sediment (Widdows et al., 2000a,b).
Biostabilization and biodestabilization inﬂuence two
sediment transport parameters in particular: the criticalFig. 1. Location of the Paulinapolder (c) in the Western Scheldt estuary (b) of The Netherlands (a). Figure modiﬁed from Temmerman et al. (2003).
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these two parameters, and a changing rate of bioturba-
tion, can result in a diﬀerent bed level and bed
composition. We analyze the biological inﬂuence of
diatoms and the bivalve Macoma balthica, which is
commonly found on mudﬂats. These biota are repre-
sentatives of organisms with biostabilizing and biode-
stabilizing eﬀects, respectively (Widdows et al., 1998,
2000a,b; De Brouwer et al., 2000; Staats et al., 2001;
Widdows and Brinsley, 2002).
Knaapen et al. (2003) have included the inﬂuence of
destabilizing and stabilizing organisms on the critical
bed shear stress in a 1DV sandemud model. This model
shows that sediment on the Molenplaat intertidal ﬂat in
the Western Scheldt estuary of The Netherlands is
destabilized by organisms. The mud content shows
a decrease of 10e20 weight-% compared to the mud
content calculated over one year without biological
inﬂuence.
This paper focuses on biostabilization and biodesta-
bilization, though the description of combined biolog-
ical eﬀects is complicated due to species interactions,
very speciﬁc species-dependent behaviour and the
combination of (de)stabilization eﬀects within same
species groups (Jumars and Nowell, 1984). Interactions
between organisms, and the eﬀects of sediment trans-
port, bed level changes, and bed composition changes on
biological activity are not taken into account. Also the
processes bio(re)suspension and biodeposition (see e.g.
Lee and Swartz, 1980) are not taken into account.
3. Sandemudebio model
This paper uses an available process-based sande
mud model (Van Ledden and Wang, 2001; Van Ledden,
2002, 2003; Van Ledden et al., 2004b) which is based on
the numerical modelling system Delft3D (D3D). D3D
can be applied for hydrodynamic and morphodynamic
simulations of coastal, river and estuarine areas.
Application of the sandemud model to the Friesche
Zeegat (The Netherlands) resulted in realistic distribu-
tions of sand and mud when compared with in situ
measurements (Van Ledden and Wang, 2001; Van
Ledden, 2003).
3.1. Sandemud model description
As an extension to D3D, the sandemud model
calculates the bed composition over time and in space.
Erosion formulations for sandemud mixtures are
applied (Van Ledden et al., 2004b). The model has
two sediment fractions: a non-cohesive sand fraction
and a cohesive mud fraction (d50% 0.063 mm) (Van
Ledden, 2002, 2003). Cohesive beds form a coherent
mass because of electrochemical interactions betweensediment particles. These interactions dominate the
erosional behaviour, whereas the particle size and
weight are of minor importance. Only clay particles
(d50% 0.002 mm) within the mud fraction have cohesive
properties.
In general, the ratio between the clay and the silt
content in the sediment bed is fairly constant and
therefore a critical mud content is applied to distinguish
between the cohesive and the non-cohesive regime in the
sandemud model (Van Ledden et al., 2004a,b). If the
mud content ( pm) in the sediment exchange layer e
which is the top 5 cm of the bed e is lower than the
critical mud content ( pcr), erosion formulations for the
non-cohesive regime are used.
Bed level changes depend on both sand and mud
dynamics. The exchanges of sediment between the bed
and the water column depend on the bed composition at
the bed surface. The bed load sand transport rate is
calculated after Van Rijn (1993, chapter 7). The net
vertical ﬂuxes of suspended sand (Fs) and mud (Fm) near
the bed surface are as follows (Van Ledden and Wang,
2001; Van Ledden et al., 2004b):
Non-cohesive regime ( pm% pcr):
FsZwsðca  csÞ ð1Þ
FmZpmMnc

tb
tnc
 1

H

tb
tnc
 1

wmcm

1 tb
td

H

1 tb
td

ð2Þ
Cohesive regime ( pmO pcr):
FsZð1 pmÞMc

tb
tc
 1

H

tb
tc
 1

wscs ð3Þ
FmZpmMc

tb
tc
 1

H

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
wmcm

1 tb
td

H

1 tb
td

ð4Þ
where ws is the settling velocity for sand at 20
C [m s1],
ca a reference sand volume concentration [e], cs the sand
volume concentration near the bed surface [e], Mc the
erosion coeﬃcient for the cohesive regime [m s1], tb the
bed shear stress [Nm2], tc the critical erosion shear
stress for the cohesive regime [Nm2], Mnc the erosion
coeﬃcient for the non-cohesive regime [m s1], tnc the
critical erosion shear stress for the non-cohesive regime
[Nm2], wm the settling velocity for mud at 20 C
[m s1], cm the mud concentration near the bed surface
[e], and td the critical shear stress for mud deposition
[Nm2]. The heavyside function H is equal to 1 when
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negative. For further details on the equations, the reader
is referred to Van Ledden and Wang (2001) and Van
Ledden (2002).
Spatial and temporal variations in bed composition
are taken into account by applying the bed composition
concept developed by Armanini (1995) in Lagrangian
coordinates:
vpm
vt
C
vzb
vt
vpm
vzc
 v
vzc

qmix
vpm
vzc

Z0 ð5Þ
where zc is the distance below the bed surface zb, and
qmix is a mixing coeﬃcient. The origin of the coordinate
zc shifts upwards or downwards with bed level vari-
ations over time and zc is positive in the downward
direction (Van Ledden and Wang, 2001). The second
term of Eq. (5) represents the eﬀect of the moving origin
of zc due to the changing bed level. In the sediment bed,
only the mud content in the bed is calculated explicitly.
The changes in sand content in the bed follow from
continuity. The mixing coeﬃcient (qmix) consists of
a physical mixing component due to small-scale bed
level disturbances (qp) and a local biological mixing
component (qb): qmixZ qpC qb. The physical mixing
coeﬃcient is proportional to the shear velocity (u*) and
the sand grain size (d50), and decreases exponentially
with the distance from the bed surface, (after Armanini,
1995 and Van Ledden, 2002, 2003). The biological
mixing coeﬃcient is constant in the biological mixing
zone (Van Ledden and Wang, 2001).
3.2. Parameterization of the biological inﬂuence
on sediment strength
Biostabilization by diatoms is represented by a Chlo-
rophyll a content [mg g1] (which is an indicator of
microphytobenthos biomass (Staats et al., 2001)), and is
modelled as an increase of the critical bed shear stress
and a decrease of the erosion coeﬃcient. Biodestabilizing
organisms are represented by the abundance [indiv. m2]
of deposit feeders (after Austen et al., 1999), in this paper
Macoma balthica, and can be modelled by a reduction of
the critical bed shear stress and an increase of the erosion
coeﬃcient. Further, destabilizing organisms cause an
increase in the bioturbation coeﬃcient. This leads to the
following hypotheses:
tncZt
0
nc fsðCÞfdðBÞ ð6Þ
tcZt
0
c fsðCÞfdðBÞ ð7Þ
MncZM
0
ncgsðCÞgdðBÞ ð8ÞMcZM
0
cgsðCÞgdðBÞ ð9Þ
qdZgdðBÞqb ð10Þ
where tnc and tc are the critical bed shear stress for the
non-cohesive and cohesive regime, respectively,Mnc and
Mc are the erosion coeﬃcient for the non-cohesive and
cohesive regime, respectively and qd the bioturbation
coeﬃcient including biological activity. The superscript
‘0’ represents values without inﬂuence of biological
activity. fs and fd denote the stabilizing and destabilizing
inﬂuences on the critical bed shear stress respectively,
and gs and gd denote the stabilizing and destabilizing
inﬂuences on the erosion coeﬃcient respectively. C is
the Chlorophyll a content in the sediment and B is the
dimensionless Macoma abundance (actual Macoma
density (NB) divided by a reference density (Bref) of
1 indiv. m2: BZNB/Bref). The latter division is neces-
sary to get a non-dimensional parameter to avoid
dimensional problems as explained by Flemming and
Delafontaine (2000). The bioturbation coeﬃcient is
assumed to depend solely on the abundance of
destabilizing organisms.
3.3. Biological inﬂuences on the critical bed
shear stress
Knaapen et al. (2003) parameterized the eﬀect of
stabilizing organisms on the critical bed shear stress ( fs)
using data reported by Widdows et al. (2000a). The
relationship gives a coeﬃcient of determination of
R2Z 0.60 in ﬁeld measurements. This coeﬃcient is not
very high, and it is based on a relatively small data set.
fsðCÞZ0:07CC1 ð11Þ
Knaapen et al. (2003) used data of Widdows et al.
(2000b) to parameterize the destabilizing inﬂuence on
the critical bed shear stress ( fd). The data had to be
corrected, because diatoms were present during meas-
urements.
fdðBÞZ0:0016 lnðBÞ2  0:085 lnðBÞC1 ð12Þ
The relationships presented here show strong simi-
larities with the relationship found by Austen et al.
(1999), which are deduced from experimental data of the
Lister Dyb tidal area in the Danish Wadden Sea. Fig. 2a
shows the biological inﬂuences on the critical bed shear
stress. Macoma densities higher than about 2000 in-
div. m2 do not result in an additional eﬀect on the
critical bed shear stress if the diatom content remains
constant.
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To determine the inﬂuence of diatoms on the erosion
coeﬃcient, the analysis made by Widdows and Brinsley
(2002) is used, which is based on data gathered from
experiments in Nova Scotia, Canada (original data from
Sutherland et al., 1998) (Fig. 3). These data show that
the erosion coeﬃcient is about 1! 106 m s1 in the
absence of diatoms in the bed. This value is used to scale
the relationship, such that a correction factor of 1 is
found when there are no diatoms present. Extrapolation
with linear regression results in:
gsðCÞZ 0:018CC1 ð13Þ
The destabilizing inﬂuence on the erosion coeﬃcient
(M ) is deduced from data presented by Widdows et al.
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The shaded area in (b) indicates the range in which data are available.(2000a). The data are interpreted in light of assumed
relations (6) and (7), and statistical relationships (11)e(13).
It was necessary to correct for the fact that both the
critical bed shear stress and the erosion coeﬃcient
determine the erosion ﬂux (Eqs. (2)e(4)). An S-shaped
curve is assumed which means that the biological
inﬂuence increases, but only up to a maximum value
and remains constant thereafter (Fig. 4). The maximum
erosion coeﬃcient (g) is 6! 107 m s1 (derived from
data presented by Widdows and Brinsley, 2002). The
following relationship is found:
gdðBÞZ b2g
b2Cg½b1B

I
ð14Þ
where b1Z 0.995 and b2Z 5.08! 10
8 m s1 (both
regression coeﬃcients), and I the erosion coeﬃcient
without biological activity (to scale the relationship) is
4.68! 108 m s1 (derived from data presented by
Widdows et al., 2000a). Fig. 2b shows the biological
inﬂuences on the erosion coeﬃcient. It should be noted
that few data are used to derive the relationships
presented in Eqs. (13) and (14) (see also Fig. 2). Eqs.
(11)e(14) are implemented in the sandemud model as
correction factors on the critical bed shear stress, the
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form the sandemudebio model.
4. Model set-up and description of the
reference situation
4.1. Hydrodynamical and morphological
model set-up
The sandemudebio model is tested for a part of the
Paulinapolder intertidal ﬂat (Fig. 1). The area modelled
is about 5 km long and 1 km wide, the area of interest
being located in the center (Fig. 5). For the set-up of the
hydrodynamic model, bathymetric data and ﬂow
measurements are used. The tide is the main forcing
factor in the model. A tide with an amplitude of 2.5 m
and period of 12 h and 25 min is prescribed as boundary
condition at the eastern model boundary. Under this
spring tide condition, the whole area is ﬂooded during
a tidal cycle.
At the western boundary the ﬂow velocity with
amplitudes varying between 0.1 m s1 (near the dike in
the south) and 0.7 m s1 (near the channel on the north)
is prescribed as boundary condition. The northern and
southern boundaries are both closed. This is done
because it is observed that due to the local bathymetry,
the tidal ﬂat ﬁlls and empties in eastern and western
direction, respectively. In Fig. 6 ﬂow velocities during
ﬂood conditions are shown. For determining the relative
phase diﬀerence between the eastern and western
boundaries, it is taken into account that the time lagbetween the horizontal and vertical tides is about 2.5 h
in this part of the estuary (Van den Berg et al., 1996).
The suspended sediment concentration at the open
boundaries during inﬂow is assumed as 50 mg l1, since
the average suspended sediment concentration at
Terneuzen over one year is 45e50 mg l1 (Van Maldegem
et al., 1999). The water column is schematically divided
into 5 water layers, with the lowest layer being 5% of the
total water depth. Bed roughness is modelled by means
of a uniform Nikuradse roughness height of 0.005 m.
Flow simulations show a good agreement with obser-
vations (not shown in this paper).
The parameters from Table 1 are used to calculate
vertical ﬂuxes of suspended sand and mud using Eqs.
(1)e(4). A critical bed shear stress for deposition does
not exist (Winterwerp and Van Kesteren, 2004). Since,
in general, bed shear stresses range from 0.10 to
0.60 Nm2 in the area modelled, the critical bed shear
stress for deposition was set to 1.5 Nm2. Notice that
the heavyside function in Eqs. (3) and (4) is 1, if the
argument is greater than zero. This condition is satisﬁed
with a high critical bed shear stress for deposition.
Morphological response takes place on a much
longer time scale than typical hydrodynamic changes.
Therefore the morphological time step is chosen such
that, after one tidal cycle, the bed level change of 10 tidal
cycles is simulated. The settling velocity for mud is
assumed to be 5 m day1 (w0.06 mm s1) at a reference
temperature of 20 C, following Van Rijn (1993).
The sandemud model uses a range of parameters to
calculate bed composition variations over time (Table 2).
In this paper, a critical mud content of 20% by weight37 38 39 40 41
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Fig. 6. Flow pattern during ﬂood, i.e. ﬁlling of the ﬂat.for each layer is applied (which conforms the ﬁndings of
Houwing (1999), who found a substantial decrease in
erosion rates at mud contents higher than 20% mud by
weight), which is slightly lower than the value used by
Van Ledden and Wang (2001) (viz. 0.3). The sediment
bed is schematically divided into six layers of 5 cm each,
which gives a total simulated sediment bed thickness of
30 cm (Fig. 7). For model simulations including bi-
ological activity, an initial bed proﬁle is assumed, and
the biological mixing zone is set to 20 cm (Fig. 7), which
is in agreement with published data (Boudreau, 1997).
Biological mixing is assumed to be constant in the
biological mixing zone.
Table 1
Morphological parameters that determine erosion (ﬁrst four param-
eters) and sedimentation (last two parameters) of sediment. All
parameters are for a situation free of biological activity
Description of variable Symbol Value Units
Critical erosion
shear stress (non-
cohesive regime)
t0nc 0.35 Nm
2
Erosion coeﬃcient
(non-cohesive regime)
M0nc 1! 10
5 m s1
Critical erosion
shear stress
(cohesive regime)
t0c 0.50 Nm
2
Erosion coeﬃcient
(cohesive regime)
M0c 1! 10
8 m s1
Critical shear
stress for deposition
td 1.5 Nm
2
Settling velocity
for mud at 20 C
wm 5.8! 10
5 m s14.2. Reference situation
Using the parameters from Tables 1 and 2, the sande
mudebio model is run for half a year without biological
activity included to create a reference situation. Fig. 8
shows the pattern of net erosion and sedimentation over
half a year in the reference situation. Figs. 9 and 10
show the resulting mud content over time and after half
a year respectively. At high shore locations close to the
dike in the south (A and D in Fig. 5), where energy, tidal
ﬂow velocity and resulting bed shear stresses are
relatively low, the mud content increases over time
(net deposition). At all other locations (mid shore and
low shore), mud contents decrease over time.
Fig. 11 shows how the bed level changes after half
a year for the reference situation. On a large part of the
Table 2
Bed composition parameter settings for the reference situation. All
parameters are for a situation free of biological activity
Description of variable Symbol Value Units
Bed porosity
(both sand and mud)
3p 0.4 e
Sediment density
(both sand and mud)
rs, rm 1650 kgm
3
Median grain
size for sand
Ds 150 mm
Median grain
size for mud
Dm 20 mm
Water density rw 1000 kgm
3
Critical mud content pcr 0.20 e
Bioturbation coeﬃcient qb 1! 10
9 m2 s1
Biological mixing length Lb 0.20 m
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variations near the channel are a result of a coarser
grid outside the area of interest.
5. Results of three test cases
To study the biological inﬂuences on bed composi-
tion and bed level, three diﬀerent test cases are
investigated. The results from these test cases are
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Fig. 7. Left part: mud content as weight-% in each bed layer (vertical
bed composition) at location A in the reference situation. Right part:
variable deﬁnitions in the bed. The bedewater interface is at zbZ 0,
which coincides with zcZ 0. zc is the coordinate pointing from the
bedewater interface downwards in the bed. The thickness of a layer,
and the depth of the bioturbation zone are also shown.compared with the reference situation (Section 4). Test
case 1 studies the inﬂuence of destabilizing organisms
and test case 2 the eﬀect of stabilizing organisms. The
eﬀect of spatial variations in biological activity is studied
in test case 3. The simulated time span covers half
a year, assuming constant biological activity over time.
5.1. Test case 1 e maximum destabilizing
biological inﬂuence
High densities of destabilizing organisms are present
in the Paulinapolder. We assume the density of
destabilizing organisms constant at 3000 indiv. m2. In
comparison, De Brouwer et al. (2000) found Macoma
densities up to 1192 indiv. m2 in the Biezelingse Ham in
the Western Scheldt. De Deckere et al. (2001) found
values for Macoma of up to about 10,000 indiv. m2
in the Humber estuary. As a result, the sediment is
destabilized. The critical bed shear stress is lower
(tcrZ0:42t0cr), and the erosion and bioturbation coef-
ﬁcients are higher (MZ12:81M0) (Eqs. (6)e(10), and
Fig. 2).
Over a time span of half a year, mud contents
decrease compared to the reference situation free of
biological activity (Fig. 10). Fig. 11 shows similar eﬀects
on the bed level. Close to the salt marsh, the bed level
remains constant, but farther from the salt marsh more
erosion occurs compared to the reference situation. The
erosion is especially signiﬁcant at mid and low shore
locations.
The diﬀerences in mud content between the reference
situation and the destabilized situation is large at high
shore locations close to the salt marsh, and small at mid37 38 39 40 41
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Fig. 8. General pattern of erosion and sedimentation in the reference situation; negative values imply erosion.
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stress is essential to explain this spatial diﬀerence. At
locations A and D, for example, the bed shear stress is
below the critical bed shear stress in the reference
situation. If the bed is destabilized, the critical bed shear
stress becomes lower, and erosion of mud occurs.
Besides the critical bed shear stress becoming lower,
a second eﬀect of biodestabilization is an increase in
erosion coeﬃcient. This change in erosion coeﬃcient
aﬀects rate at which equilibrium is approached (but not
the equilibrium state itself). Therefore, the amount of
erosion is equal as in the reference situation on a large
part of the transect.
A third eﬀect of biodestabilization is that more
sediment is mixed between individual sediment layers
(e.g. the bioturbation coeﬃcient is larger), according to
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Fig. 10. Depth-averaged mud content in the top 30 cm of the sediment
bed after half a year.Eq. (5). Bioturbation acts to eliminate gradients in mud
content by moving material down the gradient (Bou-
dreau, 1997). As a result of the initially non-uniform
vertical bed composition (Fig. 7), the mud content in the
top layer of the sediment bed becomes lower, and in the
lower layers it increases.
Fig. 12a shows the development of the mud content
at location D over time, when the sediment is de-
stabilized. Starting values of mud contents are based on
the results of a biology-free spin-up run establishing an
initial spatial distribution pattern of mud in agreement
with local physical forcings. After day 25, the mud
content in the top layer of the bed decreases below the
critical mud content, and the bed becomes non-cohesive.
This may be due to the fact that the mud in the bed is
redistributed over individual layers to give a constant
vertical proﬁle of mud content, or due to the above
described eﬀect of an increased bioturbation coeﬃcient.
It results in a lower critical erosion shear stress (Table 1)
that causes increased erosion and rapidly decreasing
mud contents. If the trend in Fig. 12a is maintained, all
the mud is likely to disappear completely over time.
5.2. Test case 2 e maximum stabilizing
biological inﬂuence
High contents of stabilizing organisms are present in
the Paulinapolder. In general, around May and June,
highest contents of Chlorophyll a are measured. In this
test case, we assume that the diatom content is constant
(over time) at 50 mg g1 sediment. In comparison, De
Brouwer et al. (2000) measured contents up to 35 mg g1
for the Western Scheldt, Austen et al. (1999) measured
contents up to 219.1 mg g1 for Lister Dyb tidal area in
the Danish Wadden Sea, and Staats et al. (2001) mea-
sured values of up to 219.1 mg g1 in the Ems Dollard
estuary. As a result, sediment stability is increased. The
critical bed shear stress is higher (tcrZ4:5t0cr), and the
erosion coeﬃcient is lower (MZ0:08M0) (Eqs. (6)e(9),
and Fig. 2). The bioturbation coeﬃcient remains the
same as in the reference situation since it is assumed that
bioturbation is independent on the diatom content.
Fig. 10 shows that at high shore locations, the mud
content is the same as in the reference situation.
However, at oﬀshore locations the mud content is
higher after half a year, compared to the reference
situation. On a large part of transect 2, the changes in
parameters do not change the behaviour of the system
(Fig. 11). However, at mid and low shore locations some
additional sedimentation is observed.
Fig. 11 shows accretion of sediment near the channel
bank in all cases (also in the maximally destabilized
case). This has to do with the reference situation not
being fully in equilibrium. In the reference situation,
sediment is deposited at the channel bank (Fig. 11).
Since ﬂow energy is so high near the channel,
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Fig. 11. Biological inﬂuence on the bed level at transect 2 for the situation without biological activity (reference situation) or maximal biological
activity. Values are relative to the initial bed level at the start of the simulation; negative values imply erosion.destabilization has no additional eﬀect on sediment
transport, since the critical bed shear stress is already
exceeded in the reference situation. Therefore, the
morphological behaviour at the channel bank is the
same for the reference situation and in the case of
maximal destabilization of the bed. In the maximally
stabilized case, less deposition occurs, because less
sediment is available.
The observed sedimentation on large part of the ﬂat
is a result of stabilizing organisms which cause a high
critical bed shear stress. The bed shear stress is below the
critical bed shear stress over the total time span of the
simulation and no (bed load) sediment transport of
either sand or mud occurs on the ﬂat. As a consequence,
mud contents are inﬂuenced only by deposition of
sediment and sediment mixing between individual bed
layers. Fig. 12b shows that sedimentation does indeed
occur at (for instance) location F.
On the Paulinapolder intertidal ﬂat, a stabilizing
biological inﬂuence results in a non-erosional system.
Stabilizing organisms can e but do not necessarily e
cause accretion and increasing mud contents.
5.3. Test case 3 e spatially variable biological activity
Biological organisms are usually not spread uniformly,
but occur in patches (Fig. 13). As a result, areas with
many destabilizing and stabilizing organisms exist. In
this case, it is tested whether this results in bed level and
bed composition variations between patches. To simu-
late the observed horizontal patchiness we apply a ﬁne
horizontal grid of 20! 20 m to the intertidal ﬂat.
Biological activity is constant over horizontal patches
of 60! 60 m.
In Fig. 14, the biological inﬂuence is shown when
biological activity varies on a ‘chessboard’ pattern (e.g.
alternating destabilized and stabilized patches) over
a time span of half a year. The same Macoma density
and diatom content are used as in test cases 1 and 2,
respectively. On destabilized patches (e.g. locations with
erosion of about 15 cm in Fig. 14), erosion is slightly
higher compared to the situation with maximum de-stabilization over the total area. On stabilized patches
(locations IeIV in Fig. 14), the erosion and sedimentation
pattern is the same as in the maximally stabilized
situation (locations I and II), or erosion occurs
compared to the maximally stabilized situation (loca-
tions III and IV).
These slight diﬀerences result from bed level varia-
tions of 10e15 cm between destabilized and stabilized
patches. The ﬂow velocities vary due to these water
depth variations between the patches. The morpholog-
ical responses are local, and sediment is redistributed
between stabilized and destabilized patches. A small
part (about 4.5%) of the eroded sediment is transported
across the open boundaries.
6. Discussion
This paper describes the modelling of biological
inﬂuences on morphological changes and vertical bed
composition. However, in general, the biogeomorpho-
logical interaction is more complex. Bed level changes
aﬀect species abundance, and interactions between
organisms occur (e.g., diatoms form the main diet of
Macoma balthica). It will be a challenge to implement
the complete biogeomorphological interaction into geo-
morphological models. In this paper, it is shown that the
biological inﬂuences on sediment strength are signiﬁcant
within the complex biogeomorphological interaction.
In the parameterization of biological inﬂuences,
Macoma density is used. In ecology, Macoma biomass
is a generally accepted indicator. However, there is no
indication yet that it is the better variable of the two,
since Macoma density correlates better with critical bed
shear stress and erosion coeﬃcient. A disadvantage in
using Macoma density is the fact that it is uncertain
whether one large organism (in terms of biomass) has the
same eﬀect on sediment strength as two small organisms
with the same total biomass as the larger organism.
To deduce the biological inﬂuences on the critical bed
shear stress and the erosion coeﬃcient relatively small
data sets are used, leading to uncertainty in the regression.
As a result, the ranges of extrapolation are quite large.
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tions. To simulate the expected morphological response
of the ﬂat, a sensitivity analysis is performed. Parameters
are selected such that results are in agreement with
expectations based on physical knowledge. The model
results depend on initial conditions and on assumed
critical values. Therefore the model results are only valid
for this particular study case (the Paulinapolder).
The transition between the cohesive and the non-
cohesive regime is important. This transition depends on
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Fig. 12. Mud content, as percentage of the total amount of sediment,
over time when the sediment bed is maximally destabilized (a) and
maximally stabilized (b). The dashed lines give the mud content over
time in the reference situation for layer 1 (top layer) and layer 6.the assumed critical mud content. When a transition
between the cohesive and non-cohesive regime occurs,
the parameters that determine the erosional processes
(the critical bed shear stress and erosion coeﬃcient) also
change. This causes erosion and quickly decreasing mud
contents. In reality, this transition between regimes will
be smoother. In the sandemud model no bed load
transport of sand is possible in the cohesive regime.
When a transition from the cohesive to the non-cohesive
regime occurs, suddenly bed load sand transport
becomes possible what strongly aﬀects the system. High
energy events could also lead to sudden disruption of the
cohesion, making bed load transport possible.
Probably, the accretion resulting from mud deposi-
tion is underestimated in the model. This can be
understood as follows. In the model, porosity and
density of both sand and mud are equal. However, in
reality, the porosity of mud is greater (about 0.8 instead
of 0.4) and the wet density is smaller (about 1400 instead
of 2050 kg/m3). In the sandemudebio model, consoli-
dation of the sediment is not accounted for, however,
Quaresma et al. (2004) have shown that this process is
very important for stabilization.
According to Boudreau (1997) the bioturbation
coeﬃcient is depth dependent, while we assume it as
constant (Fig. 7). Biological activity is assumed to be
constant during the time span of a simulation. However,
in reality, temporal variations are likely to occur.
Diatom contents increase during spring time, for
instance. In this paper, these variations are not
considered. If biological activity varies spatially it is
likely that organisms will move between patches. It is
likely that in times with a lot of destabilizing organisms
on the ﬂat, the system will get sandier. On the other
hand, when a lot of stabilizing organisms are present,
mud contents are likely to increase.
7. Conclusions
To analyze the biological inﬂuences on bed compo-
sition and morphological change, a parameterization of
the biological inﬂuences on three sediment strength
parameters is proposed in this paper. These parameters
are the critical bed shear stress, the erosion coeﬃcient
and the bioturbation coeﬃcient. With the new sande
mudebiomodel (based on the numerical model Delft3D,
including sandemud morphodynamics), we show that
biological activity has a signiﬁcant inﬂuence on
morphological change and bed composition for the
Paulinapolder intertidal ﬂat.
Destabilizing organisms always cause a signiﬁcant
decrease of mud content in the bed and an increase of
erosion. These organisms lower the critical bed shear
stress, increase the erosion coeﬃcient and increase the
bioturbation coeﬃcient. Bioturbation results in mixing
588 A.J. Paarlberg et al. / Estuarine, Coastal and Shelf Science 64 (2005) 577e590Fig. 13. Patches of biological activity on a tidal ﬂat in the Dollard estuary, June 1996. (Image courtesy: E.M.G.T. De Deckere, present address:
University of Antwerp, Department of Biology, Wilrijk, Belgium.)of sediment between bed layers. Consequently more
mud is removed and the mud content in the top layer of
the sediment bed decreases. At some locations in the
Paulinapolder, this means that the bed becomes non-
cohesive.
On the other hand, stabilizing organisms can e but
do not necessarily e cause an increase in mud content
and additional sedimentation. The increased critical bed
shear stress and lower erosion coeﬃcient cause erosion
to decrease to zero. As suspended mud is still deposited,
mud contents increase slightly over time. It seems that
the steep slope of the shoal near the channel is more
stable as a result of the stabilizing eﬀect of algae.
If biological activity varies spatially, then the general
eﬀects of destabilization and stabilization are similar.
Slight diﬀerences are caused by variations in ﬂow
velocities in between patches. Bed level variations in
between patches are 10e15 cm, resulting in diﬀerent
water depths.
The approach of including biological activity in
a parameterized way is an important step towards
including biological activity in numerical morphody-
namic models. The parameterization proposed in thispaper oﬀers good opportunities to study the biogeo-
morphological interaction further.
List of symbols
pcr critical mud content [e]
pm mud content in the sediment exchange layer [e]
Fs net vertical ﬂux of suspended sand near the bed
surface [m s1]
Fm net vertical ﬂux of suspended mud near the bed
surface [m s1]
ws settling velocity for sand at 20
C [m s1]
wm settling velocity for mud at 20
C [m s1]
ca reference sand volume concentration [e]
cs sand volume concentration near the bed surface
[e]
cm mud volume concentration near the bed surface
[e]
Mc erosion coeﬃcient for the cohesive regime
[m s1]
Mnc erosion coeﬃcient for the non-cohesive regime
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Fig. 14. Biological inﬂuence on the bed level at transect 2 if biological activity varies spatially with a chessboard pattern. Values are relative to the
initial bed level at the start of the simulation; negative values imply erosion.
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2]
tc critical erosion shear stress for the cohesive
regime [Nm2]
tnc critical erosion shear stress for the non-cohesive
regime [Nm2]
td critical shear stress for mud deposition [Nm
2]
H heavyside function
zb bed surface level [m]
zc distance below the bed surface zb [m]
qmix mixing coeﬃcient [m
2 s1]
qp physical mixing component due to small-scale
bed level disturbances [m2 s1]
qb local biological mixing component [m
2 s1]
qd bioturbation coeﬃcient including biological
activity [m2 s1]
tcr critical bed shear stress [Nm
2]
M erosion coeﬃcient [m s1]
fs stabilizing inﬂuences on the critical bed shear
stress [e]
fd destabilizing inﬂuences on the critical bed shear
stress [e]
gs stabilizing inﬂuences on the erosion coeﬃcient
[e]
gd destabilizing inﬂuences on the erosion coeﬃ-
cient [e]
C Chlorophyll a content on the sediment [mg g1
sediment]
B Macoma density [e]
g maximum erosion coeﬃcient [m s1]
I initial erosion rate [m s1]
b1 regression coeﬃcient [e]
b2 regression coeﬃcient [m s
1]
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